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The homeobox-complex (HOX-C)
programs much of the basic body
plan and forms, in most
metazoans, one continuous
cluster with the order of genes
paralleling their order of
expression along the body axis
[1–5]. Here we compare the 
HOX-C organization of several
Drosophila species and of
Anopheles gambiae, a
representative of lower Dipterans.
We develop a model to account
for the evolution of the HOX-C in
the Diptera. 
In D. melanogaster, the HOX-C
is split into the Antennapedia
complex (ANT-C) [6] and the
bithorax complex (BX-C) [7,8]. In
D. virilis, a split is found between
Ubx and abd-A [9], which
corresponds to a separation of
approximately 3–4 Mb, based on
estimates in D. melanogaster.
Recently, a third species, D.
pseudoobscura, has been
sequenced [10] and aligned to D.
melanogaster [11]. In D.
pseudoobscura, the split occurs
between Antp and Ubx. Thus, D.
pseudoobscura is more similar to
D. melanogaster than to D. virilis,
which is consistent with the
phylogeny of these species [12].
In contrast, D. repleta [13], like D.
virilis, carries the split between
Ubx and abd-A, which is
consistent with the two species
being closely related [12]. This
breakdown of the contiguity of
the HOX-C in four Drosophila
species is presumably a relatively
recent event, as in A. gambiae
the HOX-C has remained intact
[14,15].
Our sequencing of the Antp and
Ubx genes and the intervening
region in D. virilis, comprising
308,092 base pairs (bp)
(AY333070) and including the
previously sequenced Antp gene
[16], confirms that there is no split
between Antp and Ubx (Figure 1).
However, we find that between
Antp and Ubx a gene, CG31217, is
inserted immediately downstream
of Ubx. In D. melanogaster,
CG31217 is located adjacent to
Ubx and immediately downstream
of CG31217 is the breakpoint of
the split.
A. gambiae lacks any obvious
protein-coding genes in the
interval between Antp and Ubx
and the homolog of CG31217 is
located distant from the HOX-C on
the same chromosome arm, in a
16.2 Mb sequence scaffold
(AAAB01008987).
Our results suggest a model
for the evolution of the HOX-C of
the higher Diptera (Figure 2). At
the base of the Dipterans, an
ancestor is assumed with the
primordial HOX-C, from which
two evolutionary branches can
be inferred. One branch led to A.
gambiae, and the other, after
insertion of CG31217, to a
postulated ‘vir-mel’
chromosome, which
subsequently led to the
chromosome organization in
D. virilis and to D. melanogaster.
In the D. virilis lineage, an
inversion, Inv(pre-vir), gave rise to
a ‘pre-vir’ chromosome, and
insertion of a second gene,
CG10013, led to the present
configuration in D. virilis. In Figure
2 we arbitrarily show the inversion
occurring first. In D. melanogaster,
CG10013 is remote from both
Antp and Ubx.
In the lineage leading to D.
melanogaster, the split between
Ubx and Antp is postulated to be
an inversion, Inv(pre-mel) that
upon an additional inversion
Inv(mel) could give rise to the
standard gene order. These two
events placed Ubx and CG31217
next to a chaperonin-containing
gamma gene (Cctg) [17], and
Antp next to a sorbitol
dehydrogenase I (Sodh) gene
(AE001572).
The simplest assumption is that
Sodh and Cctg were closely
linked in ‘vir-mel’ and that the
inversion had one breakpoint
between them (Figure 2).
However, in A. gambiae these
well conserved genes are located
distant from each other and from
the HOX-C.
Interestingly,
Inversion(3R)Payne, which is
widespread among wild D.
melanogaster populations, shows
a gene order similar to ‘pre-mel’,
[13,18]. Moreover, the closely
related D. simulans contains the
only other known chromosome
that is similar to ‘pre-mel’. The
major cytological difference
between D. simulans and D.
melanogaster is a large inversion
with breakpoints in sections 84B
and 92C [19]. The 84B breakpoint
is adjacent to, or identical with,
the one that separated Antp and
Ubx, whereas the 92C breakpoint
is distal to the BX-C.
Several hypotheses have been
invoked to explain the persistence
of the HOX-C as a single cluster. A
common view [8], holds that the
cis-regulatory regions between
adjacent HOX genes are
bifunctional. In this scenario,
splitting can occur only if
preceded or accompanied by a
duplication of the enhancer.
The persistence of an intact
and colinear HOX-C over
hundreds of millions of years
suggests that its organization is
advantageous. Thus, any
rearrangement that splits the
HOX-C will generally become
Figure 1. Species comparison of the
region between Antp and Ubx.
The stretch from the end of the last exon
of Ubx to the beginning of the first exon
of Antp is shaded in gray. The length of
this region is 275 kb in A. gambiae and
190 kb in D. virilis. The length of the
homologous region in D. melanogaster is
143 kb, excluding the 9.6 Mb repre-
sented by the gap. CG31217 is a newly
defined gene that was formerly consid-
ered to be two separate genes [17].
CG10013 is either absent from A.
gambiae or poorly conserved compared
to the Drosophila genera.
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fixed only if it confers a selective
advantage. Such a rearrangement
is evidently a rare event. Possibly
it has occurred in Drosophila for a
combination of reasons: the
extreme fecundity and short life
cycle of Drosophila, the fact that
paracentric inversions do not
reduce fertility when
heterozygous, which is due to the
elimination of dicentric
chromatids that arise from single
crossovers within the inverted
regions [20], the rarity of crossing
over in the Drosophila male, and,
finally, the possibility of a high
frequency of transposon-
mediated inversions, as has been
found for D. buzzatii [21].
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Figure 2. A model for the evolution of the HOX-C in Diptera.
A hypothetical ancestor of the Diptera contains a colinear HOX-C. Only five genes are
shown here, Sex-combs reduced (Scr), Antp Ubx, abd-A and Abd-B. A gambiae is pre-
sumably derived from the ancestor without alteration of the HOX-C. The hypothetical
chromosome ‘vir-mel’ has arisen by transposition (Tp) of the gene CG31217 between
the Antp and Ubx genes. To account for additional genes present in the Drosophila
lineage, ‘vir-mel’ is postulated to have contained the Sodh gene closely linked to the
Cctg gene. The ‘pre-vir’ chromosome arises by a postulated inversion, Inv(pre-vir). 
D. virilis differs from pre-vir in having a Tp of the gene CG10013 between Antp and Ubx
(as shown in Figure 1). In the D. melanogaster lineage, a precursor chromosome, ‘pre-
mel’ is assumed to have arisen by an inversion, Inv(pre-mel), with breakpoints proximal
to CG31217 and  between the Sodh and Cctg genes of ‘vir-mel’. For the modern 
D. melanogaster gene arrangement, a second inversion Inv(mel) is postulated that
included the BX-C and extended just beyond Cctg.
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